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1  | INTRODUC TION

The advancement in islet transplantation offers a promising cure 
for patients with type 1 diabetes, especially with the improved 
islet isolation procedures and the use of a glucocorticoid‐free im‐
munosuppressive protocol.1-3 Despite these successful outcomes, 

the large‐scale clinical application of islet transplantation has been 
limited by a shortage of donor pancreata and the lack of quality is‐
lets after islet isolation.4,5 With the recent progress in gene editing 
technology and islet xenotransplantation, the use of pancreata from 
young porcine donors has the potential to serve as an unlimited al‐
ternative source of islets.6-10

 

Received: 3 June 2019  |  Revised: 13 August 2019  |  Accepted: 28 August 2019
DOI: 10.1111/xen.12555  

O R I G I N A L  A R T I C L E

Necrostatin‐1 supplementation enhances young porcine islet 
maturation and in vitro function

Hien Lau1 |   Nicole Corrales1 |   Michael Alexander1 |   Mohammad Rezaa Mohammadi2,3 |   
Shiri Li1 |   Alexandra M. Smink4 |   Paul de Vos4 |   Jonathan R. T. Lakey1,3

1Department of Surgery, University of 
California Irvine, Irvine, CA, USA
2Department of Chemical Engineering 
and Materials Science, Sue and Bill Gross 
Stem Cell Research Center, University of 
California, Irvine, Irvine, CA, USA
3Department of Biomedical Engineering, 
University of California, Irvine, Irvine, CA, 
USA
4Department of Pathology and Medical 
Biology, University Medical Center 
Groningen, University of Groningen, 
Groningen, The Netherlands

Correspondence
Jonathan R. T. Lakey, Department of Surgery 
and Biomedical Engineering, Clinical Islet 
Program, 333 City Blvd West, Suite 1600, 
Orange, CA 92868, USA.
Email: jlakey@uci.edu

Funding information
Juvenile Diabetes Research 
Foundation, Grant/Award Number: 3‐
SRA‐2016‐255‐S‐B; Department of Surgery, 
University of California, Irvine

Abstract
Background: Necroptosis has been demonstrated to be a primary mechanism of 
islet cell death. This study evaluated whether the supplementation of necrostatin‐1 
(Nec‐1), a potent inhibitor of necroptosis, to islet culture media could improve the 
recovery, maturation, and function of pre‐weaned porcine islets (PPIs).
Methods: PPIs were isolated from pre‐weaned Yorkshire piglets (8‐15 days old) and 
either cultured in control islet culture media (n  =  6) or supplemented with Nec‐1 
(100 µM, n = 5). On days 3 and 7 of culture, islets were assessed for recovery, insulin 
content, viability, cellular composition, GLUT2 expression in beta cells, differentia‐
tion of pancreatic endocrine progenitor cells, function, and oxygen consumption rate.
Results: Nec‐1 supplementation induced a 2‐fold increase in the insulin content of 
PPIs on day 7 of culture. When compared to untreated islets, Nec‐1 treatment dou‐
bled the beta‐ and alpha‐cell composition and accelerated the development of delta 
cells. Additionally, beta cells of Nec‐1‐treated islets had a significant upregulation in 
GLUT2 expression. The enhanced development of major endocrine cells and GLUT2 
expression after Nec‐1 treatment subsequently led to a significant increase in the 
amount of insulin secreted in response to in vitro glucose challenge. Islet recovery, 
viability, and oxygen consumption rate were unaffected by Nec‐1.
Conclusion: This study underlines the importance of necroptosis in islet cell death 
after isolation and demonstrates the novel effects of Nec‐1 to increase islet insulin 
content, enhance pancreatic endocrine cell development, facilitate GLUT2 upregula‐
tion in beta cells, and augment insulin secretion. Nec‐1 supplementation to culture 
media significantly improves islet quality prior to xenotransplantation.
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The current clinical islet xenotransplantation protocol required 
porcine islets to undergo prolonged culture after isolation due to 
their immaturity.11 Young porcine islets from neonatal (1‐3  days 
old) and pre‐weaned pigs (4‐11 days old) are commonly cultured for 
5‐10 days prior to transplantation.12-15 A study has demonstrated 
that 12‐day culture of young porcine islets improved the rates of 
diabetes reversal, yet another study has shown that these islets 
required to be cultured for 21  days for optimal maturation.16,17 
Although pre‐transplant culture of islets is beneficial to improve 
the outcomes of islet xenotransplantation, substantial islet loss 
during this culture period has been reported in young porcine 
islets.17,18

While apoptosis is considered as a primary regulated cell death 
pathway, recent studies have identified several other pathways of 
regulated cell deaths, including apoptosis, necroptosis, ferroptosis, 
pyroptosis, and parthanatos.19 Necroptosis is a form of regulated 
necrosis that has recently been suggested to be a major pathway 
of islet cell death in the development of diabetes and during both in 
vitro culture and islet transplantation.19,20 The inflammatory cascade 
triggered by the release of danger‐associated molecular patterns 
(DAMPs), such as high‐mobility group box 1 (HMGB1) and DNA frag‐
ments, after islet necroptosis furtherly contributes to islet damage, 
reduced islet survival, enhanced immune responses after implanta‐
tion, and consequently impaired outcomes of islet transplantation in 
both mice and humans.21-23

Necrostatin‐1 (Nec‐1) can block necroptosis by acting as 
a specific allosteric inhibitor of receptor‐interacting protein‐1 
(RIP1) kinase, a downstream signaling molecule of the death re‐
ceptor–induced non‐apoptotic cell death pathways.24 The anti‐
necroptotic activity of Nec‐1 has been demonstrated in multiple 
cell types, including Jurkat, BALB/c 3T3, and U937 cells, and 
in an in vivo model of ischemic brain injury.25 Pretreatment of 
Nec‐1 in a rat model of retinal ischemia‐reperfusion injury signifi‐
cantly reduced neuronal cell death and neuronal degeneration of 
the inner retina, leading to improved functional outcomes.26 In a 
mouse model of myocardial ischemia, Nec‐1 treatment at the time 
of reperfusion conferred cardioprotective effect by reducing cell 
death and infarct size.27,28

In the past decade, the effect of Nec‐1 and its downstream ef‐
fect to inhibit necroptosis in islet cells have not been fully eluci‐
dated. In a study utilizing both beta‐cell lines and isolated mouse 
islets, Nec‐1 inhibited cell death after nitric oxide exposure.23 The 
study further showed that the nitric oxide–induced release of the 
DAMPs, HMGB1 and cyclophilin A, was significantly reduced after 
Nec‐1 treatment in cultured βTC‐6 and INS‐1 cells.23 After encap‐
sulated human islets were cultured for 7 days in either normal or 
low‐nutrient condition at 1% of oxygen, a significant decrease in 
the amount of nuclear DNA content was observed in control islets, 
but not islets treated with Nec‐1.29 Nec‐1 treatment also reduced 
the release of the DAMPs, dsDNA and uric acid, in encapsulated 
human islets after 1‐ and 7‐day culture in low‐nutrient and hy‐
poxic conditions.29 A limitation of these studies in identifying the 
effect of Nec‐1 on islet cells is that only the release of DAMPs 

into the extracellular environment and cell survival were assessed 
after Nec‐1 treatment, but no other islet quality measurements 
were done, such as islet composition and function.30 Furthermore, 
whether young porcine islets, a viable alternative source of islets 
for transplantation, are responsive to Nec‐1 treatment during cul‐
ture has never been studied.

With the possibility that Nec‐1 could maintain porcine islet mass 
and augment islet quality before islet transplantation, the present 
study examined the effect of Nec‐1 on the survival, maturation, and 
insulin secretory function of pre‐weaned porcine islets (PPIs) during 
in vitro maturation culture.

2  | MATERIAL S AND METHODS

2.1 | PPI isolation

All animal procedures were performed under approved University 
of California Irvine, Institutional Animal Care and Use Committee. 
PPIs were isolated from the pancreata of 8‐ to 15‐day‐old, pre‐
weaned Yorkshire pigs as previously described.14 In brief, pancreata 
were procured (≤10 minutes) while the donor was under anesthe‐
sia and stored in cold HBSS. Cold ischemic time was limited to less 
than 1 hour. Pancreata were finely minced into 1 mm3 pieces and 
digested with Sigma Type V Collagenase (2.5  mg/mL, dissolved in 
HBSS; cat# C8051, Sigma‐Aldrich) in 37°C, 100 rpm shaking water 
bath for 15 minutes. The digestion was quenched using HBSS sup‐
plemented with 1% porcine serum (cat# 26250084, Gibco‐Thermo 
Fisher Scientific). Digested pancreatic tissues were filtered through 
500 μm metal mesh.

2.2 | Islet culture and Nec‐1 treatment

PPIs were cultured in islet maturation culture media, com‐
posed of Ham's F‐12 medium (Corning Inc, cat#10‐080), HEPES 
(Sigma‐Aldrich, cat#H3375), L‐glutathione (Sigma‐Aldrich, 
cat#G4251), ITS+3 (Sigma‐Aldrich, cat#I2771), nicotinamide 
(Sigma‐Aldrich, cat#N5535), gentamycin sulfate (Corning Inc, 
cat#30‐005‐CR), Trolox (Sigma‐Aldrich, cat#238813), hepa‐
rin (Sagent Pharmaceuticals, cat#400‐10), Pefabloc (Santa 
Cruz Biotechnology, cat#sc‐202041B), L‐glutamine (Alfa Aesar, 
cat#56‐85‐9), medium 199 (Corning Inc, cat#50‐051‐PB), calcium 
chloride dihydrate (Fisher Scientific, cat#C79‐3), DNase (Sigma‐
Aldrich, cat#D4263), antibiotic/antimycotic solution (Corning Inc, 
cat#30‐004‐CI), and 10% porcine serum.12 After islet isolation, the 
islets were divided into 2 groups to be cultured in islet maturation 
culture media alone (n = 5) or supplemented with Nec‐1 (100 µM, 
Abcam, cat#ab141053, n = 5).29 All islets were cultured for 7 days 
in T‐150 untreated suspension flasks (cat # CLS430825, Corning 
Inc) in a 37°C, 5% CO2 humidified incubator (cat#3110, Thermo 
Forma Series II 3120 Water Jacketed CO2 Incubators). 100% 
media change was performed on day 1, and 50% media change was 
performed on days 3 and 5. Islets were collected on days 3 and 7 
for assessment.
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2.3 | Islet assessment

2.3.1 | Islet recovery

Islet equivalence (IEQ) was determined by collecting an aliquot 
of 100 μL for staining with 1mL dithizone (DTZ, MP Biomedicals, 
cat#150999) for 5 minutes.14 Stained islets were counted using a 
standard stereomicroscope (Max Erb) with a 10x eyepiece grati‐
cule.31 Islet recovery was expressed as the percentage of IEQ 
per gram of pancreatic tissue normalized to day 3 of the control 
group.32

2.3.2 | Islet viability

100 IEQ was stained with Calcein AM (CalAM, Invitrogen, cat#C1430) 
for live cells and propidium iodide (PI, Invitrogen, cat#P3566) for 
dead and dying cells for 30  minutes. Stained islets were analyzed 
using a microplate reader (Tecan Infinite F200; Tecan). The islet via‐
bility was calculated by the equation: CalAM‐positive cells/(CalAM‐
positive cells+PI‐positive cells) × 100.

2.3.3 | Islet cellular viability, composition, GLUT2 
expression, and differentiation

3000 IEQ was dissociated using Accutase (cat# AT104‐500, 
Innovative Cell Technologies) for 15 minutes in a 37°C, 100  rpm 
shaking water bath and filtered through a 40‐µm filter (VMR) to 
obtain a single‐cell suspension.30 Cell samples were stained on ice 
for 30 minutes to detect live and dead cells using 7‐aminoactinomy‐
cin D dye (7‐AAD; cat#A1310, Invitrogen). Stained cells were fixed 
with 4% paraformaldehyde for 10 minutes and permeabilized using 
Intracellular Staining Permeabilization Wash Buffer (cat#421002, 
BioLegend 1) for 15 minutes on ice. After washing, cells were in‐
cubated in Protein Block (cat# ab64226, Abcam) for 30  minutes 
on ice to reduce non‐specific binding and followed by staining 
with fluorescently conjugated antibodies in Intracellular Staining 
Permeabilization Wash Buffer (cat#421002, BioLegend) with 
0.5% bovine serum albumin (BSA; cat#BAL62‐0500, Equitech‐Bio, 
Inc) for 30  minutes on ice. PE‐conjugated anti‐insulin (cat#8508, 
CST), APC‐conjugated anti‐glucagon (cat#NBP2‐21803AF647, 
Novus Biological), and PE‐conjugated anti‐somatostatin (cat# 
NBP2‐37447PE, Novus Biological) antibodies were used as a marker 
for beta cells, alpha cells, and delta cells, respectively. FITC‐conju‐
gated anti‐GLUT2 (cat#FAB1414G‐100UG, Novus Biological) anti‐
body was used for double staining with PE‐conjugated anti‐insulin 
(cat#8508, CST) to identify GLUT2‐positive beta cells. FITC‐conju‐
gated anti‐neurogenin 3 (cat#bs‐0922R, Bioss) and APC‐conjugated 
anti‐Nkx6.1 (cat#563338, BD Pharmingen) were used as markers for 
pancreatic endocrine progenitor cells. Stained cells were quantified 
using the NovoCyte 3000VYB Flow Cytometer (ACEA Biosciences, 
Inc). Cell populations were then analyzed using FlowJo software 
(FlowJo). An unstained, single‐stained, fluorescence minus one, and 
matching isotype control were used as gating controls.

2.3.4 | Islet function

In vitro function of PPIs was determined by glucose‐stimulated in‐
sulin release (GSIR) assay.14 A triplicate of 100 IEQ per sample was 
incubated at 37°C and 5% CO2 for 1 hour in each media in the cor‐
responding order: low glucose (2.8 mM; L1), high glucose (28 mM; H), 
low glucose (2.8 mM; L2), and high glucose plus 3‐isobutyl‐1‐meth‐
ylxanthine (28 mM + 0.1 mM IBMX; H+). Supernatant was collected 
and stored at −20°C until analysis. Insulin concentration was evalu‐
ated using a standard porcine insulin enzyme‐linked immunosorbent 
assay (Porcine Insulin ELISA; cat# 10‐1200‐01, Mercodia) and calcu‐
lated using a microplate reader (Infinite F200, Tecan and Magellan 
V7). The secreted insulin was normalized to the DNA content as 
described below in each sample and expressed as pg of insulin/ng 
of DNA. The stimulation index (SI) was obtained from dividing the 
insulin secreted in the high glucose media over the insulin secreted 
in the first low glucose media.

2.3.5 | Oxygen consumption rate (OCR)

The OCR of islets from each sample was determined by loading 200 
IEQ into a capped titanium chamber connected to a fiber optic sensor 
filled with 37°C serum‐free RPMI‐1640 media (cat# FOL/C2T175P, 
Instech Laboratories). As previously described, the OCR was calcu‐
lated as the linear decrease in the partial pressure of oxygen inside 
the chamber with time.33 The oxygen sensor was calibrated at zero 
percent oxygen and oxygen‐saturated serum‐free RPMI‐1640 media 
before islet measurements. The OCR was normalized to the DNA 
content in each sample and expressed as Nmol/min·mg DNA.

2.3.6 | Islet insulin content

150 IEQ was collected on day 3 and day 7 of culture and lysed with 
cell lysis buffer (10 mM Tris‐HCl, 1 mM EDTA, 1% Triton X‐100, pH 
8). Islet cells were sonicated (Sonics VibraCell Ultrasonic Processor 
Model VC70T, Sonics & Materials, Inc) on ice for 30 seconds to en‐
sure complete cell lysis. The sample was centrifuged at 1400 g for 
15 minutes at 4°C. Supernatant was quantified for insulin content 
using a standard porcine insulin enzyme‐linked immunosorbent 
assay (Porcine Insulin ELISA; cat# 10‐1200‐01, Mercodia) and cal‐
culated using a microplate reader (Infinite F200, Tecan and Magellan 
V7).34 Insulin content was normalized to the sample DNA content 
and expressed as pg of insulin/ng of DNA.

2.3.7 | Islet DNA content

Islets from culture, GSIR, and OCR assays were collected and lysed 
with cell lysis buffer (10 mM Tris‐HCl, 1 mM EDTA, 1% Triton X‐100, 
pH 8). Islet cells were sonicated (Sonics VibraCell Ultrasonic Processor 
Model VC70T, Sonics & Materials, Inc) on ice for 30 seconds to en‐
sure complete cell lysis. After sonication, the sample was centrifuged 
at 1400 g for 15 minutes at 4°C and the supernatant was collected. The 
DNA content from the collected supernatant was quantified with a 
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fluorescent DNA stain (Quant‐iT PicoGreen dsDNA kit; cat #Q32850, 
Molecular Probes) and measured using a microplate reader (Infinite 
F200, Tecan and Magellan V7).34

2.4 | Statistical analysis

All data are expressed as mean  ±  standard error of mean (SEM). 
A one‐way ANOVA followed by a post hoc Tukey's HSD test was 
performed to determine statistical significance. P‐values < .05 were 
considered to be statistically significant. Data were analyzed using 
GraphPad Prism (GraphPad Software 8.0.1).

3  | RESULTS

3.1 | The effect of Nec‐1 supplementation to islet 
culture media on islet recovery

Nec‐1 was added to our standard tissue islet culture media after islet 
isolation to examine its effect on pre‐weaned porcine islets. The islet 
recovery was calculated by normalizing all islet counts (IEQ/g of pan‐
creatic tissue) to the islet count on day 3 of the untreated group. 
Islets treated with Nec‐1 (95.60 ± 11.79% of control, mean ± SEM) 
had no significant difference in the number of islets recovered on 
day 3 of culture compared to untreated islets (P = NS, Figure 1). Islet 
loss was significantly higher in both the untreated (51.49 ± 7.81% of 
control) and Nec‐1 treated islets on day 7 (45.72 ± 9.01% of control) 

compared to untreated islets on day 3 of culture (P < .01, Figure 1). 
Similar to the decrease in untreated islets with culture time, Nec‐1‐
treated islets had a significant decrease in the number of islets on 
day 7 compared to Nec‐1‐treated islets on day 3 of culture (P < .01, 
Figure 1).

3.2 | The effect of Nec‐1 supplementation to islet 
culture media on islet viability

The islet viability was determined by Calcein AM and propidium io‐
dide staining on days 3 and 7 of culture. There was no significant dif‐
ference in the viability of untreated islets on day 3 (95.60 ± 1.21%) 
and day 7 of culture (93.40 ± 1.54%) compared to Nec‐1‐treated is‐
lets on day 3 (92.40 ± 0.75%) and day 7 of culture (97.60 ± 0.40%) 
(P = NS, Figure 2).

3.3 | The effect of Nec‐1 supplementation to islet 
culture media on islet insulin content

On day 3 of culture, Nec‐1‐treated islets (56.11 ± 15.64 pg insu‐
lin/ng DNA) had no significant difference in the insulin content 
when compared to untreated islets on both day 3 (34.89 ± 5.27 pg 
insulin/ng DNA) and day 7 of culture (40.26 ± 7.12 pg insulin/ng 
DNA) (P = NS, Figure 3). After 7 days of culture, islets treated with 
Nec‐1 (93.15 ± 17.25 pg insulin/ng DNA) had a 2‐fold increase in 
the insulin content compared to untreated islets on days 3 and 7 
of culture (P < .05, Figure 3). The insulin content of Nec‐1‐treated 
islets was not significantly different on days 3 and 7 of culture 
(P = NS, Figure 3).

F I G U R E  1   Islet recovery on days 3 and 7 of culture in control 
media or media supplemented with Nec‐1 on day 0 of culture. 
Islet recovery was calculated as the percentage of IEQ per gram of 
pancreatic tissue normalized to day 3 of untreated islets. n = 5 for 
each group. *P < .05. **P < .01. Data expressed as mean ± SEM

F I G U R E  2   Islet viability on days 3 and 7 of culture in control 
media or media supplemented with Nec‐1 on day 0 of culture. 
100 IEQ were stained with Calcein AM (CalAM) for live cells and 
propidium iodide (PI) for dead and dying cells for 30 minutes on 
days 3 and 7 of culture. The islet viability was calculated by the 
equation: CalAM‐positive cells/(CalAM‐positive cells + PI‐positive 
cells) × 100. n = 5 for each group. Data expressed as mean ± SEM
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3.4 | The effect of Nec‐1 supplementation to islet 
culture media on cellular viability, composition, and 
GLUT2 expression in beta cells

After dissociation, the viability of untreated and Nec‐1‐treated islet 
cells was similar throughout 7‐day culture. On days 3 and 7 of cul‐
ture, 90.10 ± 1.75% and 88.66 ± 2.87% of untreated islet cells were 
viable compared to 92.98  ±  1.62% and 91.16  ±  1.71% of Nec‐1‐
treated islet cells (P = NS, Figure 4A).

When compared to untreated islets on day 3 of culture 
(4.86  ±  0.27%), a 2‐fold increase in the beta‐cell composition of 
Nec‐1‐treated islets (10.98 ± 1.81%) on the same day of culture was 
observed (P < .05, Figure 4B). Nec‐1 treatment resulted in a 3‐fold 
increase in the beta‐cell composition on day 7 (16.14 ± 1.66%) com‐
pared to untreated islets on day 3 of culture (P  <  .01, Figure 4B). 
Nec‐1 treatment doubled the level of beta cells in comparison with 
untreated islets on day 7 of culture (9.15 ± 1.59%; P < .05, Figure 4B).

Similarly, islets treated with Nec‐1 had a 3‐fold and 5‐fold in‐
crease in alpha‐cell composition on day 3 (8.72 ± 1.32%) and day 7 
(15.82 ± 3.09%), respectively, when compared to untreated islets on 
day 3 (1.96 ± 0.33%) of culture (P < .05, Figure 4C). The percentage 
of alpha cells in Nec‐1‐treated islets was 2‐fold higher than untreated 
islets (6.69 ± 0.58%) on day 7 of culture (P < .01, Figure 4C). In ad‐
dition, Nec‐1 islets had a significant increase in the level of alpha 
cells from day 3 to day 7 (P < .05, Figure 4C). However, this was not 
observed in the untreated group (P = NS, Figure 4C).

The 2‐fold increase in the delta‐cell composition of Nec‐1‐treated 
islets after 3 days of culture (2.47 ± 0.19%) with respect to untreated 

islets on day 3 (1.12 ± 0.16%) was comparable to untreated islets on 
day 7 (2.49 ± 0.29%) (P < .01, Figure 4D). The level of delta cells on 
day 7 of Nec‐1‐treated islets (2.36 ± 0.24%) was also significantly 
higher than untreated islets on day 3 of culture (P < .05, Figure 4D). 
However, there was no significant difference between the Nec‐1‐
treated and untreated groups on day 7 (P = NS, Figure 4D).

In comparison with untreated islets on day 3 of culture 
(16.74 ± 5.95%), Nec‐1‐treated islets on day 3 (51.18 ± 7.43%) and 
day 7 of culture (48.60 ± 8.95%) had a 2‐fold increase in the expres‐
sion of GLUT2 in beta cells (P < .05, Figure 4E). While the percent‐
age of GLUT2‐positive beta cells was higher in Nec‐1‐treated islets 
on day 3 and day 7 compared to untreated islets on day 7 of cul‐
ture (29.85 ± 3.22%), there was no statistically significant (P = NS, 
Figure 4E).

3.5 | The effect of Nec‐1 supplementation to islet 
culture media on the differentiation of pancreatic 
endocrine progenitor cells

Ngn3 is a key transcription factor in the differentiation of pancre‐
atic precursor cells to endocrine progenitor cells.35 Even though 
the number of Ngn3‐positive endocrine progenitor cells mark‐
edly decreased with culture time in both untreated islets (day 
3 = 80.50 ± 7.43% and day 7 = 61.20 ± 3.68%) and islets treated 
with Nec‐1 (day 3 = 58.82 ± 16.27% and day 7 = 40.16 ± 4.89%), no 
statistical significant difference was observed between these islets 
on day 3 and day 7 of culture (P = NS, Figure 5A).

The transcription regulator Nkx6.1 is essential for the final de‐
velopment of endocrine progenitor cells to fully developed beta 
cells.35 Prolonged culture improved beta‐cell differentiation in both 
untreated islets (day 3 = 7.01 ± 1.44% and day 7 = 15.86 ± 0.70%) 
and islets treated with Nec‐1 (day 3  =  2.43  ±  0.24% and day 
7  =  8.47  ±  1.25%) as observed by the significant increase in the 
percentage of Nkx6.1‐positive endocrine progenitor cells (P  <  .01, 
Figure 5B). When compared to untreated islets on both day 3 and day 
7 of culture, Nec‐1‐treated islets had a significantly lowered number 
of Nkx6.1‐positive endocrine progenitor cells (P < .01, Figure 5B).

3.6 | The effect of Nec‐1 supplementation to islet 
culture media on islet function

Glucose‐stimulated insulin release assay was used to evaluate 
islet function. Untreated and Nec‐1‐treated islets were incubated 
for 1 hour in each media in the corresponding order: first low glu‐
cose (2.8  mM; L1), high glucose (28 mM; H), second low glucose 
(2.8  mM; L2), and high glucose plus 3‐isobutyl‐1‐methylxanthine 
(28 mM + 0.1 mM IBMX; H+). The amount of secreted insulin per 
hour in each glucose media was normalized to the DNA concentra‐
tion. Nec‐1‐treated islets on day 3 of culture (L1 = 1.56 ± 0.21 pg/
ng DNA/h, H  =  2.79  ±  0.22  pg/ng DNA/h, L2  =  1.40  ±  0.20  pg/
ng DNA/h, H+ = 5.11 ± 0.83 pg/ng DNA/h) had a 4‐fold increase 
in the insulin secretion in L1, H, L2, and H+ glucose media in com‐
parison with untreated islets assessed on the same day of culture 

F I G U R E  3   Insulin content of PPIs on days 3 and 7 of culture 
in control media or media supplemented with Nec‐1 on day 0 of 
culture. 150 IEQ per isolation was lysed, sonicated, and evaluated 
for insulin content on days 3 and 7 using standard porcine insulin 
ELISA. The amount of insulin was normalized to the sample 
DNA content. n = 5 for each group. *P < .05. Data expressed as 
mean ± SEM
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(L1  =  0.35  ±  0.05  pg/ng DNA/h, H  =  0.57  ±  0.07  pg/ng DNA/h, 
L2 = 0.43 ± 0.04 pg/ng DNA/h, H+ = 1.12 ± 0.2 pg/ng DNA/h) (L1, 
L2, and H+: P < .01, H: P = NS, Figure 6A). Similarly, the amount of 
secreted insulin in L1, L2, and H+ but not H glucose media of Nec‐1‐
treated islets on day 3 of culture was significantly higher than un‐
treated islets on day 7 of culture (L1 = 0.39 ± 0.07 pg/ng DNA/h, 
H  =  0.85  ±  0.13  pg/ng DNA/h, L2  =  0.60  ±  0.08  pg/ng DNA/h, 
H+ = 1.22 ± 0.29 pg/ng DNA/h) (L1, L2, and H+: P < .01, H: P = NS, 
Figure 6A).

When compared to untreated islets on day 3 of culture, Nec‐1‐
treated islets on day 7 of culture (L1 = 2.90 ± 0.42 pg/ng DNA/h, 

H  =  6.85  ±  1.15  pg/ng DNA/h, L2  =  2.24  ±  0.30  pg/ng DNA/h, 
H+ = 5.99 ± 1.28 pg/ng DNA/h) had a 5‐fold increase in L1 (P < .01), 
H (P < .01), L2 (P < .01), and H+ (P < .01) glucose media (L1, H, L2, 
and H+: P <  .01, Figure 6A). On day 7 of culture, Nec‐1 treatment 
increases the amount of secreted insulin from islets in L1, H, L2, and 
H+ glucose media by 7‐fold, 8‐fold, 3‐fold, and 5‐fold, respectively 
(L1, H, L2, and H+: P < .01, Figure 6A).

While prolonged culture from day 3 to day 7 did not improve 
the amount of insulin secreted in the untreated group for all glu‐
cose media concentration, Nec‐1 treatment significantly improved 
the insulin secretion from islets on day 7 compared to day 3 in L1, 

F I G U R E  4   Flow cytometric analysis of viability, cellular composition, and GLUT2 expression in beta cells of PPIs on days 3 and 7 in 
control media or media supplemented with Nec‐1 on day 0 of culture. Islets were dissociated on days 3 and 7 of culture using Accutase, 
stained with 7‐AAD viability dye, anti‐insulin, anti‐glucagon, anti‐somatostatin, and anti‐GLUT2 antibodies, and analyzed by flow cytometry. 
(A) The viability percentage of PPIs on days 3 and 7 of culture (n = 5 for each group). (B) The percentage of beta cells on days 3 and 7 of 
culture (n = 5 for each group). (C) The percentage of alpha cells on days 3 and 7 of culture (n = 5 for each group). (D) The percentage of delta 
cells on days 3 and 7 of culture (n = 5 for each group). (E) The percentage of GLUT‐2‐positive beta cells on days 3 and 7 of culture (n = 4 for 
each group). *P < .05. **P < .01. Data expressed as mean ± SEM
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H, and L2 glucose media (L1 and H: P < .01, L2: P < .05, Figure 6A). 
Additionally, only Nec‐1‐treated islets on day 7 of culture had a sig‐
nificantly higher insulin secretion in H glucose media compared to L1 
and L2 glucose media (P < .01, Figure 6A).

Even though longer culture time improved the stimulation 
index, there were no statistically significant differences in the stim‐
ulation indices between untreated (day 3  =  1.67  ±  0.19 and day 
7 = 2.40 ± 0.22) and Nec‐1‐treated islets (day 3 = 1.68 ± 0.18 and day 
7 = 2.29 ± 0.20) on both day 3 and 7 of culture (P = NS, Figure 6B).

3.7 | The effect of Nec‐1 supplementation to islet 
culture media on islet oxygen consumption rate

The metabolic potency of untreated and Nec‐1‐treated islets 
was evaluated by measuring the oxygen consumption rate on 
day 3 and day 7 of culture and normalized to the total DNA. The 
OCR/DNA of untreated (day 3  =  384.41  ±  27.14  nmol/min•mg 
DNA and day 7 = 338.83 ± 51.58 nmol/min•mg DNA) and Nec‐1‐
treated islets (day 3 = 378.72 ± 56.46 nmol/min•mg DNA and day 

F I G U R E  5   Flow cytometric analysis 
of endocrine cell differentiation of PPIs 
on days 3 and 7 in control media or media 
supplemented with Nec‐1 on day 0 of 
culture. Islets were dissociated on days 3 
and 7 of culture using Accutase, stained 
with 7‐AAD viability dye, anti‐Ngn3 and 
anti‐Nkx6.1 antibodies, and analyzed 
by flow cytometry. (A) The percentage 
of Ngn3‐positive cells on days 3 and 7 
of culture (n = 4 for untreated groups, 
n = 5 for Nec‐1‐treated groups). (B) The 
percentage of Nkx6.1‐positive cells on 
days 3 and 7 of culture (n = 5 for each 
group). *P < .05. **P < .01. Data expressed 
as mean ± SEM

F I G U R E  6   Function of PPIs in response to glucose challenge on days 3 and 7 of culture in control media or media supplemented with 
Nec‐1 on day 0 of culture. Islet function was evaluated using glucose‐stimulated insulin release assay. A triplicate of 100 IEQ was incubated 
for 1 hour in media with the corresponding order of glucose concentration: 2.8 mM (L1), 28 mM (H) 2.8 mM (L2), and 28 mM + 0.1 mM IBMX 
(H+), glucose media. The concentration of secreted insulin from each media condition was quantified by ELISA and normalized to the sample 
DNA content. (A) Insulin secretion per ng DNA after incubation in varying concentration of glucose media released by PPIs on days 3 and 7 
(n = 5 for each group). (B) Stimulation index, calculated as the insulin secretion in H media over L1 media, of PPIs on days 3 and 7 (n = 5 for 
each group). *P < .05. **P < .01. Data expressed as mean ± SEM. a. Day 3 vs Day 3 – Nec‐1; b. Day 3 vs Day 7 – Nec‐1; c. Day 3 – Nec‐1 vs 
Day 7; d. Day 3 – Nec‐1 vs Day 7 – Nec‐1; e. Day 7 vs Day 7 – Nec‐1; f. Day 7 – Nec‐1 – L1 vs Day 7 – Nec‐1 – H; g. Day 7 – Nec‐1 – L2 vs 
Day 7 – Nec‐1 – H
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7 = 348.20 ± 30.52 nmol/min•mg DNA) were similar throughout 7‐
day culture (P = NS, Figure 7).

4  | DISCUSSION

Pre‐transplant culture is essential for the maturation of young por‐
cine islets after isolation.12,14-17 This prolonged culture is associated 
with marked islet loss.14,17 Therefore, the identification of cyto‐
protective agents to improve islet quantity and quality during pre‐
transplant culture before islet transplantation is critical to optimize 
the current islet transplantation protocol. Nec‐1, a potent inhibitor 
of necroptosis, has the potential to improve islet survival during in 
vitro maturation culture. Here, we present a comprehensive analy‐
sis of the effects of Nec‐1 supplementation to culture media after 
islet isolation. We examined the recovery, differentiation, GLUT2 
expression, and insulin secretory function of pre‐weaned porcine 
islets after 7‐day culture. Surprisingly, the addition of Nec‐1 to cul‐
ture media did not improve parameters to assess islet survival after 
7‐day culture, such as recovery, viability, and oxygen consumption. 
However, Nec‐1 significantly increased the islet insulin content, 
endocrine cellular composition, GLUT2 expression, and insulin re‐
sponse to glucose challenge.

Our findings that Nec‐1 treatment did not prevent islet loss 
throughout 7‐day culture supports previously published results that 
encapsulated human islets with Nec‐1 did not significantly improve 
cell survival in either normal or low‐nutrient condition at normal oxy‐
gen level.29 The decrease in porcine islet recovery throughout culture 
in this study is consistent with a previous study, which demonstrated 
a 51% and 72% reduction in the neonatal porcine islet equivalent on 

day 12 and day 27 of culture, respectively.17 Nec‐1 supplementation 
did not result in a significant improvement in islet viability, possibly 
due to the high viability in both untreated and Nec‐1‐treated group 
(>85% viable, on average). These results support previous findings 
that young porcine maintain an average viability of 80% through‐
out 27‐day culture.12,14,17 The 2‐fold increase in insulin content 
after 7‐day treatment with Nec‐1 represents a substantial benefit as 
transplanting a similar islet equivalent of Nec‐1‐treated islets would 
result in an islet graft with significantly higher insulin content. While 
the effects of Nec‐1 to improve cell survival have been extensively 
studied, our novel finding that Nec‐1 treatment could improve islet 
insulin content, to our best knowledge, has not been documented in 
the literature. Nec‐1 exhibits its action by blocking the RIP1 kinase 
in the necroptosis signaling cascade to prevent plasma membrane 
rupture.36 The mechanism by which Nec‐1 or the inhibition of RIP1 
kinase could increase islet insulin content remains to be investigated.

The increase in islet insulin content could be attributed to the 
significant expansion of beta‐cell composition on both days 3 and 7 
of culture after Nec‐1 treatment. While a previous study has demon‐
strated that culturing young porcine islets for 20 days in a multistep 
differentiation media involving the use of 6 different agents, includ‐
ing oncostatin M, dexamethasone, nicotinamide, exendin‐4, TGF‐
ß1, and thrombin, resulted in a 2‐fold increase in the composition of 
beta and alpha cells, Nec‐1 treatment alone in our study increased 
the proportion of beta, alpha, and delta cells by 2‐fold on both days 
3 and 7 of culture.16 The transcription factor Ngn3 directs the dif‐
ferentiation of pancreatic precursor cells toward the development 
of endocrine cells, but is suppressed after final differentiation of 
endocrine cells.37-39 In accordance with the increase in the com‐
position of mature endocrine cells with prolonged culture in both 
control and untreated islets, the level of Ngn3‐positive endocrine 
progenitor cells decreased with culture time in our study, indicating 
the development of mature endocrine cells from progenitor cells. 
This result supports other published findings that the expression 
of Ngn3 in human embryonic stem cells was downregulated as the 
expression of mature endocrine cells, insulin, glucagon, and soma‐
tostatin increased after 24‐day differentiation culture. On average, 
the level of Ngn3‐positive endocrine progenitor cells was lower in 
Nec‐1‐treated islets compared to untreated islets on days 3 and 7 
of culture, which further supports our findings that Nec‐1 increased 
the content of mature endocrine cells on both day 3 and day 7 of 
culture. The NK homeobox factor Nkx6.1 is crucial for endocrine 
progenitor cells that have progressed past the Ngn3 differentiation 
stage to develop into beta cells.41,42 Consistent with a published re‐
port by Cai et al,40 this study found that Nkx6.1‐positive progenitor 
cells significantly increased from day 3 to day 7 of culture, support‐
ing the in vitro differentiation of beta cells in maturation culture 
media. Our findings that Nec‐1‐treated islets had significantly lower 
Nkx6.1‐positive cells but significantly higher beta cells on both day 
3 and day 7 of culture compared with untreated islets indicate that 
Nec‐1 treatment may accelerate the differentiation of Nkx6.1‐pos‐
itive progenitor cells into mature beta cells. A recent study showed 
that upregulation of the transcription factor Pdx‐1 stimulated both 

F I G U R E  7   Oxygen consumption rate of PPIs on days 3 and 7 
of culture in control media or media supplemented with Nec‐1 on 
day 0 of culture. 200 IEQ per isolation was evaluated for metabolic 
potency on days 3 and 7 using a fiber optic sensor monitoring 
system and expressed as oxygen consumption rate normalized 
to the total DNA (n = 5 for each group). Data expressed as 
mean ± SEM



     |  9 of 11LAU et al.

beta‐ and alpha‐cell proliferation through a distinct pathway from 
Nkx6.1‐stimulated proliferation.43 Due to the increase in both beta‐ 
and alpha‐cell contents after Nec‐1 treatment, it is possible that 
Nec‐1 treatment upregulated PDX‐1 or its downstream targets to 
stimulate beta‐ and alpha‐cell proliferation. As there exists an insu‐
lin‐negative/Nkx6.1‐positive cell population that actively replicates 
during pancreatic endocrine cell development, the higher content 
of Nkx6.1‐positive cells in the untreated group could indicate a pop‐
ulation of replicating insulin‐negative/Nkx6.1‐positive progenitor 
cells for differentiation into insulin‐positive beta cells.41 While the 
effect of Nec‐1 on islet development has not been demonstrated, 
our findings that Nec‐1 treatment enhanced endocrine cell expan‐
sion during culture warrant further studies into the novel mecha‐
nism of Nec‐1.

While young porcine islets can serve as an unlimited source 
of islet, the delayed function requiring prolonged maturation cul‐
ture hinders their widespread application. The glucose transporter 
GLUT2 is responsible for glucose sensing and glucose uptake in 
beta cells.44 GLUT2 has been shown to be highly expressed in 
porcine pancreatic islets. Recent findings have reported that the 
GLUT2 expression of neonatal porcine islets was 2‐fold lower than 
adult pig islets, which correlated to a significant reduction in glu‐
cose‐stimulated insulin release.13 Another study demonstrated 
that the increased insulin output in the presence of superoxide 
dismutase was correlated to enhanced GLUT2 expression in por‐
cine islets.45 While prolonged culture did not increase GLUT2 
expression, treatment of pre‐weaned porcine islets with Nec‐1 in 
our study led to a 2‐fold increase in GLUT2 expression of beta 
cells on both day 3 and day 7 of culture. In addition to the im‐
proved insulin content, the enhanced differentiation of beta cells 
and expression of GLUT2 in pre‐weaned porcine islets after Nec‐1 
treatment likely accounted for the significant increase in insulin 
secretion during glucose challenge. The delayed function of im‐
mature young porcine islets could potentially be due to the sub‐
stantially lower absolute amount of insulin secreted in response 
to glucose challenge compared to adult porcine islets.13 After 
Nec‐1 treatment, pre‐weaned porcine islets son day 7 of culture 
had comparable absolute amount of insulin secreted normalized to 
cellular DNA during both basal and stimulated glucose conditions 
to adult porcine islets.13 In addition, Nec‐1‐treated islets on day 7 
of culture had a 2‐fold increase in the amount of insulin secreted 
when exposed to 2.8 mM glucose media in comparison with adult 
porcine islets.13 Notably, only Nec‐1‐treated islets on day 7 of 
culture had a significantly lower amount of insulin secreted when 
exposed to 2.8 mM glucose media before and after incubation in 
28 mM glucose media, indicating a return to basal insulin secretion 
and improved response to glucose challenge. Human islets with 
an OCR/DNA of greater than 125 nmol/min•mg DNA had a sig‐
nificantly higher diabetes reversal rate in nude mice compared to 
those with lower OCR/DNA.46 When compared to untreated islets 
on both day 3 and day 7 of culture, the non‐significant difference 
in the OCR/DNA of Nec‐1‐treated islets could be due to the high 
OCR/DNA (>300 nmol/min•mg DNA, on average) in both groups. 

These results support previous findings that oxygen consumption 
rate was not correlated to either static or dynamic glucose‐stim‐
ulated insulin secretion in both adult and young porcine islets.13 
As a higher OCR/DNA has been correlated to improved diabetes 
reversal in adult porcine islets, the high OCR/DNA and increased 
insulin secretion in pre‐weaned porcine islets after Nec‐1 treat‐
ment support further studies to determine the in vivo function of 
Nec‐1‐treated islets.47

There are certain limitations to our study. The mechanism by 
which Nec‐1 enhanced the expansion of pancreatic endocrine 
cells was not fully explored. Our findings that Nec‐1 acted on key 
transcription factors, Ngn3 and Nkx6.1, to promote the develop‐
ment of endocrine cells in pancreatic islets suggest further studies 
to explore the novel effects of Nec‐1 on signaling molecules of 
the pancreatic endocrine maturation pathways. The function of 
Nec‐1‐treated islets was only assessed using in vitro glucose‐stim‐
ulated insulin secretion assay. Future studies will need to be con‐
ducted to determine whether the increased insulin content and 
insulin secretion can translate into improved in vivo function and 
better diabetes reversal.

5  | CONCLUSION

To our best knowledge, this is the first study to present the novel 
effect of Nec‐1 to improve maturation and enhance insulin secre‐
tory function of pre‐weaned porcine islets during 7‐day culture. 
Nec‐1 treatment significantly increased islet insulin content, aug‐
mented insulin secretion in response to glucose challenge, up‐
regulated GLUT2 expression, and facilitated the development of 
mature endocrine cells. Future studies will be conducted to deter‐
mine the optimal dose and time course of Nec‐1 as well as evaluate 
the in vivo function of Nec‐1‐treated islets in animal models of 
human type 1 diabetes. As young porcine islets represent a prom‐
ising alternative source of islets but are functionally immature, 
Nec‐1 supplementation to maturation culture prior to transplanta‐
tion will enhance islet quality and assist to advance clinical islet 
xenotransplantation.
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